The ability of the time reversal process to reconstruct sources of finite size relative to a wavelength is investigated. Specifically the quality of the spatial reconstruction of a finite sized source will be presented through the use of time reversal experiments conducted on an aluminum plate. The data presented in the paper show that time reversal can reconstruct a source equally well regarding less of its size, when the source is a half wavelength or less in size. The quality of spatial reconstruction when the source is larger than a half wavelength progressively decreases with the size of the source.
Introduction
Time reversal (TR) is a method of focusing wave energy, temporally and spatially, onto a specific location. 1, 2 One of the purposes of TR is to reconstruct an unknown source both temporally and spatially in order to locate it and characterize it. TR in solid media has found application in nondestructive evaluation, to localize and characterize cracks in mechanical parts, 3, 4 to estimate shear elasticity of materials, 5 to locate landmines, 6 and for imaging of human teeth. 7 It has also found application in the localization of seismic events 8, 9 and localization in touch panel applications. 10, 11 TR generally consists of two phases. The first phase is the forward propagation in which a collection of receivers, referred to as the time reversal mirror (TRM), records the incident wave energy produced by some source. In the second phase, the received signals are flipped in time and broadcast from the TRM (where receivers now act as sources), and portions of the emitted wave energy traverses the forward propagation paths to reconstruct the source(s) which originally started the forward propagation.
Larmat et al. showed that the rupture evolution of the great Sumatra earthquake in the year 2004 could be reconstructed with TR, providing evidence that sources of finite size could be reconstructed. 8 However, this did not answer the question of whether a coherent finite sized source (all parts of the source emitting simultaneously) could be reconstructed with TR.
The effects of the finite size of a transducer used in a TRM on the TR process has been observed previously by Griffa et al., 12 though this was not the focus of their work. Their work presented observations from two 2D numerical examples that employed a single channel TRM transducer of two different lengths d 1 =k ¼ 1:69, and d 2 =k ¼ 0:18, where d is the transducer length and k is the wavelength. Their results showed that the spatial focus was easier to distinguish with the smaller TRM transducer.
Later, Kremers et al. studied the effects of finite sized sources when using TR in seismic applications. 13 They showed that three double-couple point sources, separated in time, and in space on the order of a wavelength could also be imaged correctly. They then studied the ability of TR to reconstruct the finite rupture process of the Japan Tottori earthquake in the year 2000 and found that the desired details of the rupture were lost. They concluded that only point sources could be resolved by TR. However, they admitted that their numerical experiments were not exhaustive on this subject. Further, Larmat et al. had already shown that the rupture process could be imaged. 8 The difference may lie in the fact that the work of Larmat et al. The ability of TR to reconstruct coherent sources of finite size, with respect to a wavelength, has thus not been exhaustively studied. The purpose of this paper is to fill in that gap by presenting a quantitative experimental study aimed at determining the ability of the TR process to reconstruct coherent sources of finite size. A series of 25 coherent point sources, spaced k/16 apart, arranged as a line source are used here in a 2D plate sample to study the quality of TR reconstruction of sources of finite size. The results show that the size of the source does not affect TR reconstruction provided that the source is a half wavelength or less, but that it does steadily degrade as the size of the source is larger than a half wavelength. Since all real sources are of finite size, the implication of this finding is that there is an upper frequency limit to the quality of TR reconstruction.
Experiment
Consider a medium in which two transducers are located at positions S and R. A source is emitted from the transducer located at S and the forward propagation is recorded by the transducer at R, and this recorded signal is then reversed in time. If one uses a laser vibrometer to detect the forward propagation at R then the laser vibrometer itself cannot be used to broadcast this time reversed signal. Instead, the time reversed signal may be broadcast by the original source transducer, and due to reciprocity, a focusing of energy should occur at the position of the laser vibrometer. With this configuration, it is as if a virtual source has been created at the point where the laser vibrometer is focused, since a TR focus is a reconstruction of the source. This method is termed the virtual source method (VSM). 14 In this manner, a virtual source may be placed at any location on the surface of a solid sample. The source transducer is then considered to be the TRM. When a multiple element TRM is used, the source signal is broadcast from each TRM element individually and the forward propagation signal is detected at a desired virtual source position. Then each forward propagation signal is time reversed and the signals may be simultaneously broadcast from each appropriate element within the TRM and the TR focus is then enhanced due to the use of multiple elements. Accordingly, it is as if the virtual source (at the laser position) emitted the various forward propagation signals.
In each measurement presented in this paper, electronic sine wave voltage signals modulated by a sine squared envelope, V t ð Þ, are sent to the source transducer where
where A is an arbitrary user-defined voltage magnitude, T is the total signal length, PW is the pulse width (defined as the width at half of the peak magnitude), t is time, and f is the sine wave frequency. An experiment is conducted to determine the effect on focal quality of a TR process due to the size of the virtual source used. This experiment is conducted on an aluminum plate sample which measures 5.0 mm by 104 mm by 197 mm in size. The wave propagation in the plate is dominated by flexural waves with a speed of sound of
where x is the angular frequency (radians per second), E is the Young's modulus of elasticity, h is the plate thickness, q is the material density, and r is the Poisson's ratio. This gives c B ¼ 3140 m=s (assuming x ¼ 1257 krad=s, E ¼ 71 GPa, q ¼ 2700 kg=m 3 , and r ¼ 0:33). The source used in this experiment is a sine wave pulse centered at 200 kHz with a 10 ms PW. The plate has eight 1 MHz (thickness resonance frequency) PZT-5H transducers (2 mm thick, and 12.7 mm in diameter) distributed somewhat randomly along three sides of the plate. Figure 1 displays a photograph of the sample used in this study. These transducers are found to operate more efficiently at 200 kHz rather than at 1 MHz in solid samples due to a radial resonance mode of these disk transducers.
A series of virtual source experiments are conducted, using the previously described VSM, with the laser positioned on the side of the plate with no bonded transducers (see Fig. 1 ). In total twenty five virtual source experiments are conducted along a line parallel to the edge of the plate with 1 mm spacing (k ¼ 15:7 mm, thus the spacing is equivalent to nearly a sixteenth of a wavelength) between each virtual source. The experiments conducted for this paper utilize a sampling frequency of 10 MHz and signal lengths of 32768 points or about T ¼ 3.28 ms. When conducting TR experiments, the center of the source pulse in time is set to be the center of the 3.28 ms time window, giving 1.64 seconds of available data time to collect the direct arrival and multiple received reflections. The focal signals are naturally expected to be centered in this same time window. See Figs. 2(a)À2(d) for typical temporal signals at each stage of the TR process. After the forward propagation experiments are conducted, the broadcast of the time reversed signals is measured by a laser vibrometer with the plate in a scanning configuration. The TR broadcast is repeated with the laser vibrometer step-wise positioned at 1 mm increments over a grid covering the entire surface of the plate (with 144 averages taken at each position). Thus the spatial and temporal evolution of the focus creation can be monitored for the entire plate surface. Figures 2(e )À2(f) display typical forward and TR focal wave fields for a single virtual source experiment. Four metrics are computed for evaluating the quality of the foci, from a snapshot in time (at the peak focal time) of each time reversed focal wave field. The first metric, a, is the peak magnitude of the spatially distributed TR focus. The second metric, b, is the ratio of a to the next highest spatial peak in a plot of the magnitude of the wave field. The third metric, c, is the ratio of a to the average magnitude of the spatial wave field, not including the main focal lobe. The second and third metrics essentially give an idea of how easy it is for one to distinguish a focus from noise. In the post processing phase, adjacent virtual source temporal signals may be summed to effectively form a line source of finite size up to 24 mm in length or roughly 1.5 wavelengths. For these extended virtual sources, each of the temporal focal signals at each virtual source location are summed together to simulate the spatial averaging of a transducer when it senses an incident wave field impinging on it. The fourth metric, d, is the ratio of the peak focal magnitude of this summed temporal signal to the highest temporal side lobe magnitude. The side lobes are denoted in Fig. 2, subplot d .
The averages of these metrics for the focusing onto the various virtual sources created are computed to give their respective values for a very small source (a single focal spot is about 150 microns in diameter). The 2D space versus time data from each adjacent pair of virtual sources is summed to form a 1 mm sized source, from which the averages of each of the four metrics are computed. The 2D space versus time data from each set of three adjacent virtual sources are then summed and the averages of the metrics are again computed for a source of 2 mm extent. This process is repeated for all the possible source sizes, with each repetition of the process adding one more virtual source until the extended virtual source reached a size of 24 mm. Thus the four metrics could be plotted versus the size of the extended virtual source. Figure 3 displays these results. Note that, for sources less than a half wavelength in size, while the magnitude of the focusing increases with increasing size of the virtual source, the magnitude of the fringe energy (energy at locations other than the focal location) must be equally increasing since both b and c do not appreciable increase. However, when the source is larger than a half wavelength both b and c decrease with increasing source size until these metrics level off when the source is a wavelength or larger. d tends to steadily increase despite the size of the source.
Results and discussion
The magnitude of the radiation from a arbitrarily shaped vibrating source (or sensitivity of a receiving source), which is small compared to the wavelength of sound it is emitting, effectively does not depend on the angle at which it emanates from the transducer (or incidence angle for receivers). 15 However, when the wavelength of sound approaches the size of the transducer (the transducer is then considered to be of a finite size), the transducer becomes increasingly directional. The magnitude dependence as a function of angle is commonly called directivity. The higher the directivity of the source, the smaller the radiation aperture is of the source and thus it becomes increasingly difficult for the TRM to detect radiated energy from the source, which either directly propagates from the source to the TRM, or is reflected off of scatterers and boundaries to the TRM. The quality of TR focusing should decrease with a smaller available source aperture. Therefore directional sources may be more difficult to reconstruct spatially than smaller sources which are generally more omnidirectional.
Several conclusions may be drawn from the results displayed in Fig. 3 . The first conclusion is that the ability to spatially distinguish a TR focus appears to drop off when the source is larger than a half of a wavelength. From Fig. 3(b) it is apparent that b approaches a value of 1.0 meaning that the magnitude of the TR focus is nearly equivalent to the magnitude of the nearby spatial energy. Thus if the source is one wavelength in length or larger, the focus is not easily distinguishable from other spatial energy, though the focal region may still be apparent with a source of this size since c is still at a value of about 10 [see Fig. 3(c) ] and there is still a clear temporal focusing above the side lobes with d % 10 [see Fig. 3(d) ].
Conclusion
This paper has experimentally characterized the ability of the TR process to reconstruct coherent sources of finite size. The experiments conducted in this work suggest that it becomes increasingly difficult for the TR process to reconstruct coherent sources as the size of the source increases past a half wavelength in size. Though conclusions have been drawn from experiments conducted in solid media, we believe that a similar result in fluid media should follow as well. These experiments are for a particular experimental setup and therefore the magnitude of the metrics computed may vary for other setups but we believe that the trends should hold.
